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Abstract--Using a molecular aggregate approach and classical Newtonian dynamics, we show how 
to simulate a liquid drop formation on a horizontal solid surface in three-dimensional space. We use 
sets of quasi-molecular particles which interact in ~accordance with classical molecular-type formulas. 
For application, the liquid is taken to be water while the solid surface is taken to be graphite. The 
resulting dynamical equations for the particles are large systems of second-order, nonlinear, ordinary 
differential equations which must be solved by a numerical method. Computer simulations of the 
results and related contact angle calculations are presented and discussed. The results axe in complete 
agreement with experimentation and the method can be extended to nonflat surfaces. 
Keywords- -Contact  angle, Liquid drop, Molecular model. 
1. INTRODUCTION 
Fluid phenomena have been the subject of many  studies by mathematicians, engineers, and 
scientists (e.g., see [1-7], and the references contained therein). In this paper, we explore a 
molecular aggregate approach, called Quasi-Molecular Modeling or Particle Modeling, to simulate 
liquid drop formation on a horizontal solid surface. In particular, the liquid drop is taken to be 
water, while the horizontal solid surface is taken to be graphite. The  simulated liquid drop on 
the horizontal solid surface is a sessile drop. Our  approach will be similar to the 2-D simulations 
of Greenspan [8]. 
Modeling liquid drops presents a major theoretical difficulty due to the large gradients resulting 
from surface tension [9]. Surface tension is not a consequence of the Navier-Stokes equations; 
thus, these important partial differential equations for studying fluid behavior are not directly 
applicable to viable continuum models for liquid drops [10]. Our molecular aggregate approach 
will be different from continuum, Navier-Stokes simulation, in that molecular-type force formulas 
will be incorporated into the model; therefore, artificial addition of surface tension to the model 
will not be necessary. 
2. LOCAL FORCE FORMULAS 
Our  discussion is in terms of aggregates of molecules, called particles or quasi-molecules. The  
large but finite number  of molecules or atoms in the liquid and solid will be grouped into smaller 
subunits called particles. Using Lennard-Jones potential functions [11], and conservation of total 
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mass and total energy of the original molecular or atomic system, the local force interaction 
formulas for the particles will be derived. Quantitatively, in this and all succeeding sections, 
unless otherwise specified, we use cgs units. Force is measured in dynes and energy is measured 
in ergs. 
Figure 1 shows the model for the initial horizontal graphite solid [12]. In this five layer graphite 
solid, the particles are arranged on a regular tetrahedral grid of edge length 0.03834 cm and height 
0.031306cm. The length, width, and height of this arrangement are 1.22688cm, 1.1952cm, 
and 0.125224cm, respectively. There are 5949 graphite particles in Figure 1, and 0.0 is the Z 
coordinate of each point in the bottom layer. The Z-axis is perpendicular tothe graphite surface. 
Figure 1. Initial graphite surface. 
Similarly, Figure 2 shows the model for the initial water drop [12]. The particles in this initial 
water drop are arranged on a regular tetrahedral grid with edge length 0.0611742 cm and height 
0.0499486 cm. There are 1265 water particles in this relatively spherical initial water drop. The 
horizontal radius of this water drop contains 6 particles, so that the radius of the initial water 
drop is approximately 
6(0.0611742) = 0.3670452 cm. (1) 
The center of the initial water drop in Figure 2 is at (X, Y, Z) = (0, 0, 0); the particles are 
arranged symmetrically with respect to the Y-axis. 
We assume that the magnitude of the local force _~ in dynes, between two particles (graphite 
particles, water particles, or a water particle and a graphite particle) R cm apart is of the form 
G H 
F(R)  = RP + Rq' (2) 
where G, H, p, and q are positive constants with q > p. 
Thus, let the force -~a in dynes, between two graphite particles R cm apart have magnitude F e 
given by 
G H 
Re(R) = - -~  + R'-- ~, (3) 
where G and H are positive constants o be determined. Note that we have chosen p = 3 and q = 5 
in (2) to get (3). The choices of the exponents 3 and 5 in (3) are dominated by computational 
considerations. Such a choice of exponents will result in a physically stable, nonvolatile system. 
Also the calculation of the force components in the coordinate directions will result in division 
by R 4 and/~,  which enables us to avoid time consuming and expensive square root processes in 
the numerical solution. 
Let Ca (R) be a potential function for two graphite particles R cm apart. Then, Ce (R) and F a (R) 
are related by the equations [11] 
Re(R)= dee 
dR '  
Thus, using (4), it follows from (3) that 
E Ce(R) = Fe(s ) ds. 
G H 
¢e(R) = -TR  + 4R4" 
(4) 
(5) 
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Figure 2. Initial water drop. 
Assuming that Fg -- 0 between two immediate neighbors (particles one equilibrium distance 
away from each other) for the graphite particles hown in Figure 1, we get from (3) the equation 
-(0.03834)2G -t- H = 0. (6) 
Now, assuming zero kinetic energy, the total energy E 9 for the system of graphite particles in 
Figure 1 is approximately [13] 
Eg = 6(5949) ( G H ) 
2(0.03834) 2 ~- 4(0.03834)  . (7) 
To determine the unique values of G and H, we use (6),(7), and conservation of total energy 
as follows. For actual atoms of graphite, with r in angstroms (~), one can use the approxima- 
tion [14,15] 
{'_24.3 38591.3~ 10_12 
¢(r)= \ re + / erg (8) 
for the potential energy between two graphite atoms, where r is the distance between them in 
angstroms. But 1 cm = l0 s/~, so that Rcm = r/~, where r = 10SR. Hence, by (4) and (8), the 
magnitude of the local force between two graphite atoms r A apart is given by 
F(r)  = ( 
145.8 463095.6"~ ~- + ~ ]10  -4 , (9) 
\ 
where F(r)  is measured in dynes. In equation (9), F(3.834) = 0. Our choice of 0.03834cm for 
the construction of Figure 1 was partly based on this angstrom measurement for the purpose of 
simplifying later calculations. 
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We now fill the solid in Figure 1 with graphite atoms. These graphite atoms are placed at the 
vertices of a regular tetrahedral grid, with edge length 3.834 Aand height 3.130448 A. The height 
of the regular triangle forming the base of each regular tetrahedral grid is 3.320341 A. Thus, the 
number N of atoms which fill the surface is, approximately, 
1.22688 1.1952 0.125224 
N= 
(3.834)10 -s (3.320341)10 -s (3.130448)10 -s" 
Thus, 
N - -  (4.60775)1021. 
Assuming zero kinetic energy and using equation (8), it follows that the total energy E of the 
system of atoms filling the graphite solid in Figure 1 is approximately 
E = 6(4.60775)1021 [ 24.3 38591.3 ](3.-~)8 + (3.834),~j 10-'2erg s"
Thus, 
E = - (1.0575558) 10 s ergs. (10) 
Equating E and Eg in (10) and (7), we get 
6(5949)[- G H ] 2(0.03834) 2 + 4(0.0-~-834) 4. = -(1.0575558)108. (11) 
Solving (6) and (11) simultaneously, we obtain the values of G and H approximately as G = 
17.420968 and H = (2.560805)10 -~. Substituting for G and H, equations (3) and (5) now 
become 
Fg(R)-  17.420968 2.560805 
R3 -I- R------- ~-  10 -2 , (12) 
8.710484 6.4020125 
¢g(R) = R------5---- + R4 10 -3. (13) 
Equation (13) can be written as 
Cg(R) = 4eg [ -  ( -~)  2 -t- (--~)4] , (14) 
where ag = (2.711047)10 -2 and eg = (2.96284)103. 
The mass of a graphite atom is approximately (1.9938)10 -23 grams [16]. Thus, the total atomic 
mass of the graphite solid, when distributed over the 5949 graphite particles, yields a graphite 
particle mass Mg given by 
Mg = (1.544282)10 -5gram. (15) 
Since Fg(0.03834) = 0, the equilibrium distance for the graphite particles is 
Rg = 0.03834 cm. (16) 
For two water particles R cm apart, we assume the local force of interaction between them to 
be -~w, measured in dynes, and whose magnitude Fw is given by 
G H 
F~,(R) = - -~  + -~, (17) 
where G and H are positive constants. The related potential energy Cw (the potential energy 
between two water particles Rcm apart), measured in ergs, by equations (4) and (17), is then 
given by the equation 
G H 
Cw(R) -- -~-~ + 4R 4. (18) 
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For the system of water particles in Figure 2, we assume that Fw -- 0 between two immediate 
neighbors. Using this assumption and (17), we get the equation 
-(0.0611742)2G + H = 0. (19) 
Assuming zero kinetic energy, the total energy Ew of the particle system in Figure 2 is approx- 
imately 
Ew = 6(1265) 2(0.0611742) 2 + 4(0.06-~742)4 . (20) 
For actual water molecules, one can use the approximation [16] 
~b(r) -- (1.9646383)10-13 [ - (~-~- )6  + (2"72----~5) 12] erg (21) 
for the potential energy, where r (in angstroms) is the distance between two water molecules. 
By (4) and (21), the magnitude of the force J~ in dynes, between two water molecules r/~ apart 
is given by 
(2.7251  (2.725) F(r) = (1.9646383)10 -5 -6  r----T--- + 12 rl 3 j , (22) 
with F(3.05871) = 0. Thus, our choice of 2(0.0305871) = 0.0611742 cm for constructing Figure 2 
was based partly on this angstrom easurement for the purpose of simplifying later calculations. 
We now fill the sphere (the sphere making up the initial water drop) with water molecules 
which are vertices of regular tetrahedral grids, each with edge length 3.05871/~. The number N 
of molecules which fill the region is, by (1) approximately 
4~" ( 0.3670452 ~3 
N = T k 
or 
N = (7.238229)1021. (23) 
Assuming zero kinetic energy, the total energy E of the molecular system in Figure 2 is, by (21) 
and (23) approximately 
E = 6(7.238229)1021(1.9646383)10 -13 [ ( 2.725 b e ( 2.725 ~12] 
- \3.05871j + \3.05871j j" 
Thus, 
E= -(2.133075)109ergs. 
Equating E~ and E, in (20) and (24), yields 
(24) 
6(1265) . 2(0.0611742) 2 + 4(0.06-i-1742)4. = -(2.133075)109. (25) 
The solution of (19) and (25) simultaneously is G = 4206.887899, H = 15.743364. Thus, (17) 
md (18) can now be written explicitly as 
4206.887899 15.743364 
F~(R) = R3 + R5 , (26) 
2103.44395 3.935841 
~w(R) = R2 + R-------T-- (27) 
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Equation (27) can be written in the form 
(2s) 
where ew = (2.810376)105 and aw = (4.325669)10 -2. 
The mass of a single water molecule is approximately m = (30.103)10-~4grams [16]. Dis- 
tributing the total water molecules mass of the initial water drop in Figure 2 over the 1265 water 
particles, we get an individual water particle mass Mw given by 
Because Fw(0.0611742) = 0, 
(29) Mw = (1.722469)10 -4 gram. 
Rw = 0.0611742 cm (30) 
is the equilibrium distance for the water particles. 
To determine the local force -~gw between a water particle and a graphite particle Rcm apart, 
we use the empirical bonding law [11] 
where eg,~ = e4rg~g~, and agw = 1/2(a a + aw). From equations (14) and (28), we get egw = 
0.1768709 
+ R4 (31) 
0.7074836 
+ R5 , (32) 
(2.885601)104, and ag~ = (3.518358)10 -2. Thus, 
142.8816071 
Cg (R) = R2 
By equations (31) and (4), the magnitude of ffgw is 
285.7632142 
fgw(R) = R3 
with Fgw(0.0497571) = 0. Hence, 
(33) Rgw = 0.0497571 cm 
is the equilibrium distance for a water particle and a graphite particle interaction. 
3. DYNAMICAL EQUATIONS 
In deriving the dynamical equations, we consider various cases. These cases are the result of 
variations in our assumptions for certain parameters. 
CASE 1. We choose the parameters p and q in the local force equation (2) as p = 3 and q = 5. 
We assume that each particle Pi is acted upon locally only by those particles within a sphere of 
radius two equilibrium distances, and centered at Pi. This radius is called the distance of local 
interaction parameter. Thus, for Case 1, we shall use the local force formulas derived in Section 2 
above, since they were derived using the parameters p = 3 and q = 5. 
The motion of a graphite particle Pi as it interacts with other graphite particles is given by 
r," 1.,.,, o9o8  .  o805 ) ,i,,1 
Mg -~-= d2/~' -980Mg6'+ag ~ - R3 +- -10-2  R~jJ (34) 
where the summation is taken over particles Pj which are within a prescribed istance/99 (dis- 
tance of local interaction for the graphite particles) from Pi, RO is the distance between Pi 
and Pj, ag is a scaling factor which assures that the particle interactions are local, that is, small 
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relative to gravity, Mg is the mass of a graphite particle given by (15) and 6" = (0, 0,1). Note 
that the expression i  the square bracket of (34) is fig whose magnitude is given in (12). Division 
by Mg yields from (34) 
( 1.128095 d2~ -98o~+~g)-~ 3 1°8 + -  
dr 2 = . R~j 
3 
1.65825 i03) Rjil 
R,% j 
(35) 
The choice of ag is derived from molecular interaction. Formula (9) is local relative to gravity. 
That is, atoms more than two equilibrium distances away from a given atom have, relative to 
gravity, a negligible ffect on that atom. We extend this result o particles, by assuming that any 
particle Pj located at more than two equilibrium distances away from a given particle/9/ has, 
relative to gravity, a negligible ffect on Pi. Hence, by (16), 
Dg = 2(0.03834) = 0.07668cm. (36) 
By "local relative to gravity," we assume 
I 1.128095 1.65825 10 3 = 5%(980). (37) 
ag (0.07668)3 106+ (0.07668)5 
Equation (37) yields c~g = (2.6111721)10 -s. Substituting this value for c~g into equation (35), we 
get 
d2/~ 
-98o '+ - IO + - -  IO . (38) 
dt 2 = j R3j R~j ROJ 
Now using the transformation 
Ri = 10Ri, T = 10t, (39) 
equation (38) yields a dynamical equation for a graphite particle as it interacts with other graphite 
particles; this equation is given by 
i=  1,2,3,...,5949. (40) 
We note that the transformations i  (39) has the effect of multiplying all coordinates in Figure 1 
by the factor 10. By (16) and (39), the equilibrium distance for the graphite particles is Rg = 
0.3834cm, and the related istance of local interaction is
m 
Dg = 0.7668cm. (41) 
Using exactly the same line of reasoning as above and (39), we get the dynamical equation for 
a water particle Pi as it interacts with other water particles (the Pj's) given by 
d2~ • _98.0g+ E [( 11.96547 
dT 2 = ~' (-~0) s
4.4778167h ~ji] 
i = 1,2,...,1265. (42) 
Again, the changes of variables in (39) has the effect of multiplying each coordinate in Figure 2 
by a factor of 10. With this change of variables, the equilibrium distance for the water particles 
interaction is R~ = 0.611742 cm, and the distance of local interaction is
Dw = 1.223484cm. (43) 
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Using equation (32), the same line of reasoning above, and (39), we get the dynamical equation 
of a water particle P~ as it interacts with the graphite particles Pj, where the graphite particles 
are held fixed. This equation is given by 
dT2 = i (Ri]) 3 + ~g ] R ' j J '  i=1,2, . . . ,1265.  (44) 
Making use of the changes of variables factor, the equilibrium distance for this interaction isgiven 
by Rgw = 0.497571 cm, and the distance of local interaction is, 
Dgw = 0.995142 cm. (45) 
CASE 2. As in Case 1, we set the parameters p and q in the local force equation (2) to be p = 3 
and q = 5. Consequently, we shall use the local force formulas derived in Section 2. Each distance 
of local interaction parameter is set to five equilibrium distances. 
Thus, following exactly the same line of reasoning as in Case 1, but with the distance of 
local interaction parameter set to five equilibrium distances, we obtain the required ynamical 
equations. We note that for each equation that follows, we have used the changes of variables 
transformations i  (39). 
The dynamical equation of a graphite particle Pi as it interacts with other graphite particles Pi 
is given by 
dT 2 = j + ] R,jJ' 
The distance of local interaction is Dg = 1.917 cm. 
The dynamical equation of a water particle P~ as it interacts with other water particles Pj is 
given by the equation 
=-98.0g+ + , •  ,j)5 ) R, j i = 1,2,. . . ,  1265. (47) 
m 
The distance of local interaction is Dw = 3.05871 cm. 
The dynamical equation of a water particle Pi as it interacts with the graphite particles Pj, 
where the graphite particles are held fixed, is given by the equation 
dT2 = j ~i j )  ------------~+ ~ ] -RijJ' i=1,2, . . . ,1265.  (48) 
The corresponding distance of local interaction is Dgw = 2.487855 cm. 
CASE 3. In Case 3, we set the parameters p and q in the local force equation (2) to be p = 2 
and q = 4. As in Case 1, each of the distance of local interaction parameters i  set to two 
equilibrium distances. 
Now, following exactly the same line of reasoning as in Section 2, and using the graphite solid in 
Figure 1 and the water drop in Figure 2, we get the following local force formulas (each measured 
in dynes). The magnitude of the local force fig between two graphite particles R cm apart is 
given by 
170.39288 0.25046997 
Fg(R) = R2 + R4 .. (49) 
The magnitude of the local force ffw between two water particles R cm apart is given by 
25788.372 96.50738 
Fw(R) = R2 + R-------- T  (50) 
Liquid Drop Formation 105 
The magnitude of the local force Fgw between a water particle and a graphite particle R cm apart 
is given by 
2153.6868 5.3320311 
Fg~,(R) = R2 T R4 (51) 
Using the local force formulas in (49)-(51) and following exactly the same line of reasoning in 
Case 1 above, we get the following dynamical equations for Case 3. The dynamical equation for 
a graphite particle Pi as it interacts with other graphite particles Pj is given by 
-98 .0g+ - - - - - - r  + , 1 ,2 , . . . ,5949.  (52) 
: J / 
The distance of local interaction is Dg = 0.7668 cm. 
The dynamical equation of a water particle P~ as it interacts with other water particles Pj is 
given by 
d2~ 
-98.0ff+ E - - - - - -V  + , i=  1,2,. . . ,  1265. (53) 
The related distance of local interaction parameter is Dw = 1.223484 cm. 
The dynamical equations of a water particle Pi as it interacts with the graphite particles Pj, 
where the graphite particles are held fixed, is given by 
d2~, 
. , + , (54) 
The related distance of local interaction parameter is Daw = 0.995142 cm. In deriving equa- 
tions (52)-(54), we used (39). 
4. EXAMPLES 
In each example, we begin by stabilizing the graphite surface and water drop, and then proceed 
to sessile drop formations and related contact angle calculations. The results obtained from the 
examples are plotted using a SGI IRIS 4D-70/GT graphics computer. We note that all discussion 
in this section is in terms of variables R and T, unless tated otherwise. To shorten the computer 
simulation time, we use symmetry with respect o the Y-axis for the water drop. 
EXAMPLE 1. For this example, we consider the water drop in Figure 2 and the graphite solid in 
Figure 1. We assume that the parameters p and q in equation (2) are set to p = 3 and q = 5, 
and each distance of local interaction parameter is set to two equilibrium distances. Thus, for 
this example, we use the equations derived in Case 1 of Section 3. 
The initial graphite surface in Figure 1 is stabilized in accordance with the system of dynamical 
equations in (40) using the leap-frog method [13]. Each of the graphite particles is assigned 
initially a random velocity in the range IV[ < 10 -7, and we choose AT = 5(10-5). During the 
stabilization process, in order to maintain the solid state of the graphite surface, we damp all 
velocities by the factor 0.25 whenever the total system kinetic energy exceeds i00. The system 
of graphite particles is allowed to run to T25000. At this time, the graphite surface has contracted 
to the relatively stable configuration shown in Figure 3. The height of the stable graphite surface 
in Figure 3 is approximately seven-tenths that of the initial graphite surface in Figure 1. 
To stabilize the water drop, we need a reflection method that keeps the particles within the 
sphere during the water drop stabilization. Hence, we choose the following reflection method. 
Let R be the radius of the relatively spherical initial water drop in Figure 2. At time Tk, let 
n,,k = (X h + V. h + Zh)1/2,  
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Figure 3. Stable graphite surface. 
Figure 4. Stable water drop. 
where (Xi,k, Yi,k, Zi,k) is the position of particle Pi at time Tk. If Ri,k ~> R, Pi's position and 
velocity are reset as follows: Di,k = 2R - Ri,k, Xi,k ~ Di,k • Xi,k/R~,k, V~,k,x ~ -0.9Vi,k,x, 
Yi,k --o Di ,k.  Yi,k/Ri,k, Vi,k,y ~ --0.9Vi,k,y, Zi,k ~ Di,k " Zi,k/Ri,k, Vi,k,z ~ --0.9VLk,z, where 
(Vi,k,x, Vi,k,y, Vi,k,z) is the velocity of particle Pi at time Tk. 
Each of the water particles is assigned initially a random velocity in the range IV] < 10 -7. We 
choose AT = 5(10 -5) and allow the water particles to interact in accordance with equations (42) 
using the leap-frog method. The system of water particles exhibits large contraction and expan- 
sion modes during the stabilization process. This is primarily due to the large initial potential 
energy. To overcome this situation, all velocities are damped by the factor 0.9 every 200 time 
steps. At the end of 20000 time steps, the damping is removed and the particles are allowed to 
interact for 26000 more time steps to T4600o. At this point, the large oscillating modes are no 
longer present. The resulting relatively stable water drop is shown in Figure 4. In this stable 
water drop, we see that the outermost particles how a lower density than the inner particles. 
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This phenomenon is characteristic of liquid surface tension. The average diameter of the stable 
water drop in Figure 4 is approximately seven-tenths that of the initial water drop in Figure 2. 
To set up the stable water drop in Figure 4 for sessile drop formation, we translate it vertically 
3.9 cm along the Z-axis so that it sits above the graphite surface. This arrangement is shown 
in Figure 5 with only the central particles of the graphite surface plotted. In Figure 5 and 
succeeding figures for the sessile drop formation, to elucidate the motion of the water particles 
as they interact with the graphite particles, the water drop and graphite surface are displayed in 
different shadings. 
Figure 5. T = 0. 
The graphite particles are now held fixed, while the water particles are allowed to interact 
with themselves and with the graphite particles in accordance with equations (42) and (44). 
We use AT = 1(10 -6) for the first 200000 time steps of the computer simulation; thereafter, 
AT = 2(10 -6) is used. There is an increase in energy due to the effect of gravity. To account for 
this increase, all velocities are damped by the factor 0.9 every 2000 time steps all through the 
sessile drop formation. Our interest is in a relatively steady-state configuration; thus, damping 
all velocities by 0.9 after every 2000 time steps is not considered to be significant. 
The results obtained are given in Figures 6-9 at the respective times T = 0.3, 0.5, 0.7, and 
0.834. The total kinetic energy KE of the water particles in each figure is also given. The figures 
show the settling of the water particles on the graphite surface and a relatively steady state at 
T = 0.834. There is no seepage of water into the graphite solid. 
Figure 6. T ---- 0.3, KE ---- 8284. 
To show that the configuration i Figure 9 is indeed a liquid drop on a solid surface, we show 
that it possesses a basic property of liquids: it flows easily. That is, we must show that if a 
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Figure 7. T = 0.5, KE = 6310. 
Figure 8. T = 0.7, KE = 3909. 
Z 
i 
4..5 
Figure 9. T --- 0.834, KE = 2813. (The Y---axis is .l_ to the X Z-plane.) 
water particle is removed from the configuration i  Figure 9, the remaining water particles will 
rearrange themselves to fill in the opening created. Thus, using symmetry with respect o the 
Y-axis, we remove four water particles (two from each sides of the Y-axis) from Figure 9. The 
two particles to be removed from the right side of the Y-axis are symmetric (with respect o 
the Y-axis) to the other two particles to be removed from the left side of the Y-axis. These 
four particles, marked with dark shading, are shown in Figure 10, where two of the four marked 
particles cannot easily be seen from this view (front view). A side view of Figure 10 is given in 
Figure 11, where the two marked particles on one side of the Y-axis are clearly seen. We call 
Figure 10 the front view and Figure 11 the side view of the above arrangement. The four marked 
water particles in Figure 10 are removed to get Figure 12 (front view) and Figure 13 (side view). 
From the side view, we clearly see the opening created by the removal of the marked particles. 
We allow the water particles (1261 particles) in Figure 12 (and hence, Figure 13) to interact 
with themselves and with the graphite particles in accordance with equations (42) and (44) for 
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X 
Figure 10. Marked water particles to be removed (front view). (The ~-axis is J_ to m--  
the X Z-plane.) 
Z 
i 4,5 
Y 
Figure 11. Marked water particles to be removed (side view). (The X-axis is J. to 
the lYe-plane.) 
w 
Z 
Figure 12. Front view with marked water particles removed. (The Y-axis is J. to the 
X~-plane.) 
an additional 43000 time steps to T = 0.92. The front view of the resulting configuration is 
shown in Figure 14, and the side view is shown in Figure 15. The opening created in Figure 13 
is no longer present; the water particles have rearranged themselves appropriately to take care of 
the opening. Thus, Figure 9 represents a liquid drop on a solid surface. Note also that Figure 9 
cannot represent a solid like sand, because it exhibits liquid surface tension. 
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Z 
I 
m 
Y 
Figure 13. Side view with marked water particles removed. (The X-axis is _l_ to the 
YZ-plane.) 
Z 
.t 4,5 
X 
Figure 14. Front view, T = 0.92, KE = 2595. (The Y-axis is .1_ to the X Z-plane.) 
From Figure 9, using a linear least square approximation [17] in the X Z-plane with the lower 
four boundary particles [12], we get Figure 16. Because of symmetry with respect o the Y-axis, 
the left contact angle and the right contact angle are the same. This contact angle is calculated to 
be approximately 60.10 °. An experimentally determined contact angle measurement reported [9] 
is 60 ° . 
EXAMPLE 2. This example uses the initial water drop in Figure 2, the initial graphite surface 
in Figure 1 and the equations derived in Case 2 of Section 3, where p -- 3 and q = 5 in the 
local force equation (2) and dach distance of local interaction parameter is set to five equilibrium 
distances. 
Following exactly the same stabilization procedures in Example 1 above using the leap-frog 
method, the initial graphite surface and initial water drop are stabilized in accordance with 
equations (46) and (47), respectively. As in Example 1 during the stabilization process, the 
system of water particles exhibits large contraction and expansion modes due to the large initial 
potential energy, which is accounted for by damping the velocities. Similarly, to maintain its 
solid state, the velocities of the graphite particles are damped whenever the total kinetic energy 
exceeds 100. The average height of the stable graphite surface is approximately three-fifths that 
of the initial graphite surface in Figure 1. Similarly, the average diameter of the stable water 
drop is approximately three-fifths that of the initial water drop in Figure 2. As in Example 1, 
the outermost particles of the stable water drop show a lower density then the inner particles--a 
characteristic of liquid surface tension. 
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Figure 15. Side view, T -- 0.92, KE = 2595. (The X-axis is _l_ to the ~Z-plane.) 
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Figure 16. Contact angle fit. (The Y-axis is _l_ to the X Z-plane.) 
For the sessile drop formation, we translate the stable water drop vertically 3.3 cm along the 
Z--axis so that it sits above the stable graphite surface and then proceed as follows. With the 
graphite particles held fixed, the water particles are allowed to interact with themselves and 
with the graphite particles in accordance with equations (47) and (48). We used AT = 1(10 -6) 
all through the computer simulation. There is a high increase in the total kinetic energy of 
the water particles. To overcome this high increase in kinetic energy, all velocities are damped 
by the factor 0.9 after every 200 time steps all through the sessile drop formation. We get a 
relatively steady state at T = 0.71. However, in this example, there is seepage of some of the 
water particles into the graphite solid. The seepage is taking place below the central mass of 
the water drop. Using a linear least square approximation i the X Z-plane and symmetry with 
respect o the Y-axis, as shown in Figure 17, the left and right contact angles are calculated to 
be approximately 59.81 °. 
EXAMPLE 3. For this example, we use the equations derived in Case 3 of Section 3, where p = 2, 
and q = 4 in the local force equation (2), and each distance of local interaction parameter is set 
to two equilibrium distances. As in the previous examples, the initial water drop in Figure 2 and 
initial graphite surface in Figure 1 are taken for this example. 
Using the leap-frog method and the stabilization procedures described in Example 1, the initial 
graphite surface and initial water drop are stabilized in accordance with equations (52) and (53), 
respectively. During this stabilization process, the system of water particles exhibited large 
contraction and expansion modes due to the large initial potential energy, which was accounted 
for by damping the velocities. The height of the stable graphite surface is approximately seven- 
tenths that of the initial graphite surface in Figure 1; whereas, the average diameter of the 
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Figure 17. T = 0.71, KE  = 1083 with contact angle fit. (The Y-axis is _l_ to the 
X Z-plane.) 
stable water drop is approximately three-fifths that of the initial water drop. As we observed in 
Example 1 and Example 2 above, the outermost particles in the stable water drop show a lower 
density than the inner particles--a characteristic of liquid surface tension. 
To begin the sessile drop formation, we translate the relatively stable water drop vertically 
3.2 cm along the Z-axis so that it sits above the relatively stable graphite surface. Using the 
leap-frog method, and keeping the graphite particles fixed, we allow the water particles to interact 
with themselves and with the graphite particles in accordance with the dynamical equations (53) 
and (54). We choose AT = 1(10 -6) for the first 500000 time steps; thereafter, we use AT = 
2(10-6). To account for the increase in kinetic energy of the water particles due to the effect of 
gravity, all velocities are damped by the factor 0.9 every 2000 time steps all through the sessile 
drop formation. We get a relatively steady state at T = 0.81. As was observed in Example 2, 
there is seepage of some of the water particles into the graphite surface, which is taking place 
below the central mass of the water drop. We use a linear least square approximation with 
the lowest four boundary particles [12] on each side of the Y-axis in the X Z-plane as shown 
in Figure 18. Because of symmetry with respect o the Y-axis, the left contact angle and right 
contact angle are the same. This contact angle is calculated to be 60.03 °. 
We note that because of the choice of exponents p -- 2 and q -- 4 in this example, the calculation 
of the force components in the coordinate directions resulted in division by (~)3 and (R)5, which 
led to time consuming and expensive square root processes. It took approximately twice the 
computer simulation time of Example 1 to simulate the water drop formation on the graphite 
surface in this example. 
EXAMPLE 4. This example uses exactly the assumptions ofExample 1; but, we consider a three- 
layer graphite surface instead of the five layers in Example 1. The dynamical equations used in 
this example are therefore those of Case 1 of Section 3. 
For the initial water drop, we take the water drop in Figure 2. This initial water drop and the 
initial three-layer graphite surface are stabilized by exactly the same stabilization procedures of 
Example 1. The average height of the stable graphite surface is approximately seven-tenths that 
of the initial graphite surface. 
Translating the stable water drop in Figure 4 vertically 3.5 cm upwards o that it sits above 
the stable three-layer graphite surface, and following exactly the steps and using the parameter 
choices in Example 1, we obtain the results hown in Figure 19. The figure shows the formation 
of the water drop on the graphite surface. As we observed in Example 1, there is no seepage of 
the water particles into the graphite surface. 
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Figure 18. T ---- 0.81, KE -- 2217 with contact angle fit. (The Y-axis is _l_ to the 
X Z-plane.) 
Using l inear least square approximat ions as shown in F igure 19, we get the contact  angle of 
the water  drop in F igure 19 to be 60.01 °. 
Z 
Figure 19. T -- 0.89, KE -- 2283 with contact angle fit. (The Y-axis is 2_ to the 
X Z-plane.) 
5. REMARKS 
The contact  angles calculated for each of the examples in Section 4 are very good in compar ison 
to the exper imenta l ly  determined contact angle reported.  However, considering the questions of 
physical  stabi l ity, seepage, and t ime-consuming square root processes, Examples  1 and 4 (using 
the equat ions in Case 1) seem to give the best results. 
I t  is impor tant  o note that  the s imulat ion method of this paper  can be extended direct ly to 
nonflat surfaces. However, the question of whether seepage actual ly exists remains to be answered 
experimental ly.  
Final ly,  note that  the extension of the concept of temperature  to a sessile part ic le drop is of 
interest, but  as yet remains open. 
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